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Abstract  Peripheral  vascular  disease  is  a  frequently  occurring  disease  and  is  most  often  caused
by atherosclerosis  and  more  rarely  by  anomalies  of  the  collagen  or  other  components  of  the
arterial wall.  Arterial  stiffness  problems  form  one  of  the  precursor  phenomena  of  peripheral
vascular disease,  and  in  the  case  of  atherosclerosis  represents  an  independent  risk  marker  for
the occurrence  of  cardiovascular  disease.  The  ﬁrst  techniques,  developed  to  evaluate  arterial
stiffness, use  indirect  measurements  such  as  pulse  wave  velocity  or  the  analysis  of  variations
in pressure  and  volume  to  estimate  arterial  wall  stiffness.  Techniques  based  on  the  pulse  wave
lack precision  because  they  assume  that  arterial  stiffness  is  uniform  throughout  the  path  of
the pulse  wave,  and  that  it  is  constant  throughout  the  cardiac  cycle.  Moreover,  measuring  the
velocity of  the  pulse  wave  may  be  less  precise  in  certain  pathological  situations:  metabolic  syn-
drome, obesity,  large  chest,  mega-dolico  artery.  Techniques  based  on  the  analysis  of  variations
in pressure  and  in  volume  do  not  accurately  measure  blood  pressure,  which  can  only  be  taken
externally.  In  addition,  these  techniques  require  dedicated  equipment,  which  is  not  reimbursed
by the  French  health  care  system,  and  which  is  cumbersome  to  use  (especially  for  techniques
based on  variation  in  pressure)  in  clinical  practice.  This  explains  why  these  two  techniques  are
not used  in  clinical  practice.  Ultrafast  echography  is  a  new  ultrasound  imaging  method  that
can record  up  to  10,000  images  per  second.  This  high  temporal  resolution  makes  it  possible  to
measure  the  velocity  of  the  local  pulse  wave  and  arterial  wall  stiffness  thanks  to  the  remote
palpation carried  out  by  shear  wave.  The  ease  of  use  and  the  accuracy  of  these  two  techniques
suggest that  these  diagnostic  applications  will  play  a  signiﬁcant  role  in  vascular  pathology  in
the future.  It  is  possible  in  real  time,  using  a  traditional  vascular  ultrasound  probe,  to  make
an accurate  assessment  of  local  arterial  stiffness  and  of  its  variation  during  the  cardiac  cycle.
This technological  breakthrough  will  probably  improve  phenotype  evaluation  of  patients  suf-
fering from  vascular  diseases,  to  more  effectively  evaluate  the  cardiovascular  risk  for  patients,
at primary  and  secondary  preve
cardiovascular  risks.
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Atherosclerosis  and  non-atherosclerotic  peripheral  vas-
ular  pathologies  occur  frequently.  The  ﬁrst  category  is
ften  difﬁcult  to  detect  at  early  stage  of  development;  while
t  is  difﬁcult  to  come  up  with  a  speciﬁc  diagnosis  for  the  sec-
nd  category.  Arterial  stiffness  modiﬁcations  constitute  one
f  the  precursor  phenomena  for  peripheral  vascular  disease
nd  represent  in  the  case  of  atherosclerosis  an  independent
isk  marker  for  the  occurrence  of  cardiovascular  disease  [1].
Arterial  stiffness  is  more  often  performed  approximately,
ither  by  measuring  pulse  wave  velocity  (PWV)  [2—4],  or
y  analysing  local  variations  in  local  pressure  and  volume
5—7].  PWV  is  directly  linked  to  Young’s  modulus,  and  there-
ore  to  the  arterial  wall  elasticity.
To  date,  the  reference  techniques  for  assessing  arterial
all  stiffness  are  respectively  methods  that  either  measure
lobal  PWV,  like  the  Complior® (Alam  Medical,  Vincennes,
rance)  or  the  SphygmoCor  (ArtCor  Medical,  West  Ryde,  Aus-
ralia)  [3],  or  measure  the  variations  in  the  diameter  of  the
rteries  and  arterial  pressure  and  produces  a  local  measure-
ent  of  arterial  stiffness,  called,  echo-tracking,  which  is
arried  out  using  the  echography  system  Artlab® (Esaote,
taly)  [5,6].  Two  novel  techniques  are  currently  being  eval-
ated:  ultrafast  ultrasound  imaging  or  UltraFastEcho  (or
ltraFast® Imaging)  which  measures  the  PWV  locally  at  the
eginning  and  the  end  of  systole  [8],  and  shear  wave  elastog-
aphy  that  measures  changes  in  elasticity  of  the  wall  during
he  cardiac  cycle  [9,10].  These  latter  two  techniques  are
urrently  being  validated  for  various  cardiovascular  patholo-
ies  and  are  available  on  the  AixplorerTM echography  system
SuperSonic  Imagine,  Aix-en-Provence,  France).
ulse wave and arterial stiffness
he  opening  up  of  the  aortic  valve,  when  the  heart  con-
racts,  creates  a  pressure  wave  that  travels  along  the
rteries  and  propels  the  blood  through  them:  this  is  the  pulse
ave  [4].  As  the  pulse  wave  passes  through  the  artery  it
auses  the  arterial  wall  to  dilate  (Fig.  1),  a  sign  of  signiﬁcant
uid-structure  interaction.
The  velocity  with  which  the  pulse  wave  passes  through
he  artery  may  be  estimated  by  accurately  measuring  both
he  propagation  times  between  various  points  of  the  arterial
etwork  and  the  propagation  distance.  The  temporal  resolu-
ion  with  which  the  pulse  wave  is  captured  as  it  travels  along
he  artery  is  very  important  because  this  wave  travels  at  a
peed,  which  ranges  from  several  metres  per  second  to  tens
f  metres  per  second  (depending  on  age,  gender,  pathol-
igure 1. Diagram of the propagation of the pulse wave: direction
f blood ﬂows and movements of the arterial wall.
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gy  etc.),  therefore,  temporal  resolution  must  be  to  in  the
rder  of  milliseconds.  The  velocity  at  which  the  pulse  wave
asses  down  the  artery  is  directly  linked  to  the  thickness,
adius  and  elasticity  of  the  artery  along  which  it  is  travel-
ing.  If  we  assume  that  the  artery  is  an  elastic,  linear  and
sotropic  tube  and  that  mechanical  disturbances  are  low,  we
an  show  that  the  propagation  speed  of  a pressure  wave,  c,
n  this  tube,  is  shown  by  the  following  formula:
 =
√
Eh
2R
here  R  is  the  radius  of  the  tube,  h  is  the  thickness,    the
ensity  and  E  its  Young’s  modulus.  The  Moens  and  Korteweg
ormula  shows  that  the  pulse  wave  speed  is  an  indicator
f  arterial  wall  stiffness  since  it  is  directly  related  to  the
oung’s  modulus.  It  is,  moreover,  used  clinically  as  such.
he  Moens  and  Korteweg  formula  also  shows  the  relation-
hip  between  the  pulse  wave  speed  and  the  arterial  wall
iameter  and  thickness.
easurement of the global pulse wave
elocity
he  carotid-femoral  PWV  is  generally  accepted  as  the
tandard  for  the  measurement  of  aortic  stiffness  [11,12].
t  is  a  stiffness  measurement  based  on  a  widely  accepted
‘propagation  model’’  of  the  arterial  tree.  The  result  is
n  average  speed  between  the  carotid  artery  and  the
emoral  artery,  and  represents  the  aortic  stiffness  and  there-
ore  the  afterload  the  left  ventricle  must  withstand  during
ystolic  ejection.  This  pressure  then  applies  directly  to
he  targeted  organs  (heart,  kidneys,  brain).  It  is  aortic
tiffness  that  is  responsible  for  the  majority  of  physio-
athological  phenomena  that  end  up  causing  cardiovascular
omplications.  This  is  the  reason  why  carotid-femoral  PWV
lone  has  been  accepted  as  the  independent  value  for  pre-
icting  cardiovascular  events.  The  PWV  is  usually  measured
rom  the  recording  of  the  arterial  pressure  wave  ‘‘foot’’,
f  Doppler  ﬂow,  or  the  distension  wave  (Fig.  2).  The  prop-
gation  time  of  the  wave  is  measured  and  related  to  the
istance,  which  is  usually  measured  between  the  sites  with
 ruler.
Some  investigators  recommend  measuring  the  distance
etween  the  carotid  and  femoral  sites;  others  advise  mea-
uring  between  the  suprasternal  notch  and  the  femoral
ite.  The  latest  recommendations  of  the  European  Society
f  Hypertension  (ESH  2007)  and  more  recent  recommenda-
ions  relating  speciﬁcally  to  PWV,  identifying  PWV  and  an
valuation  of  arterial  wall  stiffness  as  the  most  signiﬁcant
arameters  to  establish  a  cardiovascular  prognosis  [1,13].
hey  identiﬁed  a  value  of  12  m/s  as  the  high-risk  cutoff.
his  value  is  based  on  the  direct  carotid-femoral  distance
easurement.  The  applicability  of  this  technique  is  close  to
00%  while  its  short-term  reproducibility  is  around  ±0.5  m/s
1].  This  technique  does,  however,  have  several  limitations:
ﬁrst  of  all,  its  little  use  rate  in  clinical  practice,  to  a
large  extent  because  of  the  need  to  purchase  a  dedicated
device  and  to  place  sensors  on  the  carotid  and  femoral
arteries  of  the  patient;
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lFigure 2. Method for evaluating the pulse wave velocity using th
• this  examination  is,  so  far,  not  refunded  by  the  French
health  service;
• the  assumption  of  uniform  and  constant  arterial  rigidity
along  the  path  of  the  pulse  wave  and  throughout  the  car-
diac  cycle  for  calculations  purposes;
• its  inability  to  assess  a  local  arterial  stiffness  difference;
• ﬁnally,  this  measurement  may  be  less  accurate  in  some
pathological  situations:  metabolic  syndrome,  obesity,
large  chest,  mega-dolico  artery  mainly  affecting  the
remote  measurement  [13].
Evaluation of local arterial stiffness using
echo-tracking
Echo-tracking  was,  until  recently,  the  only  tool  available
for  evaluating  the  local  Young’s  modulus,  the  relationship
between  intima-media  thickness,  viscoelastic  properties,
and  the  inﬂuence  of  external  or  internal  remodelling  on
arterial  distensibility  [5—7].  This  technique  relies  on  the
direct,  local  calculation  of  arterial  wall  stiffness  derived
from  variations  in  pressure  and  volume  calculated  locally,
and  overcomes  the  issue  of  the  circulation  model  hypoth-
esis.  The  parameters  of  local  mechanical  properties  of  the
vessel  walls  with  echo-tracking  are  obtained  performing  the
following  measurements:
• the  diastolic  diameter,  D,  of  the  artery,  to  calculate  the
surface  area  of  the  lumen,  A;
• the  variation  in  diameter  over  time  (to  calculate  the  sys-
tolic/diastolic  variation  in  the  section  of  the  lumen,  A);
• the  thickness  of  the  wall,  h;
• the  variation  in  pressure,  P.
The  properties  of  the  vessel  wall  such  as  distensibility
(DC),  compliance  (CC),  and  the  Young’s  modulus  (Y),  can
then  be  derived  using  the  following  equations  [7]:
A  =  (D/2)2
s
t
i
tot to foot’’ method.
C  = A/A
P
C  = A
P
 = D
h
× 1
DC
here  A  is  the  change  in  the  transverse  section  of  the
essel  between  diastole  and  systole,  and  P  is  the  change
ssociated  with  local  blood  pressure.  It  is  assumed  that  DC
nd  CC  are  constant  throughout  the  entire  range  of  pulsatile
rterial  pressure  values  and  that  the  length  of  the  arterial
egment  remains  constant.  A  fundamental  limitation  with
ocal  evaluation  of  vessel  wall  properties  is  assessing  local
ntra-arterial  blood  pressure  variations  (P).  The  substitu-
ion  of  arterial  pressure,  taken  in  the  brachial  artery  is  only
n  approximation,  because  arterial  pressure  varies  from  one
ite  to  another.  It  has  been  shown,  however,  that  brachial
rterial  pressure  is  a  good  substitute  for  carotid  arterial
ressure  [14].
In  practice,  traditional  ultrasound  scans  could  evaluate
he  diameter  of  the  vessel  and  its  systolic/diastolic  varia-
ion,  but  in  most  cases,  its  spatial  resolution  is  insufﬁcient.
he  spatial  and  temporal  resolutions  required  to  calculate
he  variation  in  arterial  diameter  come  to  around  a  few
icrometres  and  a  few  milliseconds  respectively,  while  the
patial  and  temporal  resolutions  offered  by  conventional
ltrasound  diagnostic  imaging  systems  offers  a  spatial  reso-
ution  of  around  a  hundred  microns  (corresponding  to  the
ize  of  a  pixel  of  a  video  image)  and  a  temporal  resolu-
ion  of  few  tens  of  milliseconds  (corresponding  to  maximum
mage  rates  of  100  Hz).  In  recent  years,  the  echo-tracking
echnique  has  been  developed  to  carry  out  high-resolution
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ltrasound  imaging  both  spatially  and  temporally  [7,15].
his  technique  uses  a  radiofrequency  signal  that  is  the  result
f  transforming  an  acoustic  signal  into  an  electric  signal  by
ay  of  the  piezoelectric  crystals  of  the  probe.  It  increases
patial  resolution  from  6  to  10-fold  and  temporal  resolu-
ion  by  a  factor  of  10  compared  to  conventional  echography.
he  resolution  of  the  latter  is  limited  temporally  and  spa-
ially  by  the  processing  speed  of  the  acoustic  signals  that
enerate  the  pixels  of  the  video  image.  This  technique  can
lso  be  used  to  accurately  measure  intima-media  thick-
ess.  By  obtaining  the  pressure  volume  curve  of  the  scanned
rtery,  arterial  stiffness  can  be  calculated  for  a  given  arterial
ressure  value.  Using  the  time  lapse  between  two  arterial
ilations  caused  by  the  pressure  wave,  it  is  also  possible  to
btain  the  local  pulse  wave  velocity  [15].
Echo-tracking  can  be  used  to  measure  many  parameters
ocally  connected  with  arterial  wall  stiffness,  but  this  tech-
ique  also  has  a  number  of  disadvantages  which  limit  its  use
n  routine  clinical  practice:
echo-tracking  acquisition  takes  much  longer  than  PWV
measurement,  such  that  it  is  only  indicated  for  mechan-
ical  analyses  of  rare  vascular  diseases,  in  pharmacology
and  for  therapy,  but  it  is  not  used  for  epidemiological
studies,  and  even  less  in  clinical  practice;
to  calculate  most  of  the  parameters  derived  from  this
acquisition,  it  is  necessary  to  assess  the  local  pressure,
which  is  most  frequently  obtained  using  an  aplanation
tonometer,  which  in  turn  requires  the  use  of  a  transfer
function  [16].  This  indirect  measurement  of  intra-arterial
pressure  constitutes  one  of  the  major  limitations  of  the
use  of  this  technique  in  clinical  practice,  because  it  does
not  provide  a  sufﬁcient  level  of  precision;
this  approach  does  not  reﬂect  ﬁne  parietal  elasticity
anomalies  of  the  arterial  wall  [17].
The  evaluation  of  local  arterial  wall  stiffness  is  most
ften  performed  using  superﬁcial  arteries  such  as  the
v
m
(
i
igure 3. Image acquisition methods: left: traditional method with foc
f a single plane wave, in emission, with focusing at reception only. The
he device.E.  Messas  et  al.
arotid.  The  stiffness  of  the  carotid  is  useful  because  this
s  where  atherosclerosis  is  often  located.
Some  teams  work  on  the  evaluation  of  local  stiffness
f  deep  arteries  such  as  the  aorta,  using  dedicated  MRI
equences  [18].  However,  the  compromise  required  for  this
ethod  between  spatial  and  temporal  resolution  is  too  high.
sing  MRI  for  such  a  simple  measurement  may  seem  to  be
isproportionate  compared  with  a dedicated  device  (tono-
etry).  Most  clinical  and  pharmacological  studies  use  the
ltrasound  echo-tracking  technique.
valuation of local arterial stiffness using
ltrafast imaging
 new  imaging  technique  using  ultrasound,  called  Ultra-
astEcho  or  UltraFast  Imaging  [8],  has  recently  been
eveloped.  It  was  initially  developed  for  the  analysis  of
hear  wave  propagation  in  elastography  imaging  for  breast
ancer  and  thyroid  exploration  but  is  today  evaluated  as  a
ew  diagnostic  tool  for  vascular  pathologies.  This  technique
as  developed  by  a  French  research  laboratory,  the  Institut
angevin  (ESPCI,  Paris)  [8].  Its  main  innovation  is  extremely
maging  frame  rate,  which  is  one  hundred  times  faster  than
or  conventional  ultrasound  diagnostic  imaging  devices  cur-
ently  available  (the  frame  rate  can  reach  10,000  images/s,
e  10  kHz).  This  technological  breakthrough  is  based  on  send-
ng  a  single  plane  wave  in  emission  (as  opposed  to  128
ocused  lines  with  conventional  echography  systems)  and
ocusing  on  reception  only.  The  received  signals  are  then
rocessed  by  an  acoustic  signal-processing  device  that  is
xtremely  powerful,  enabling  the  image  to  be  reconstructed
ery  rapidly  (Fig.  3).  The  speed  of  acquisition  of  this  system
eans  that  it  can  capture  the  propagation  of  the  pulse  wave
a  few  m/s  to  dozens  of  m/s).  Standard  echography  system
mage  frame  rates  are  at  the  most  in  a  few  hundred  Hertz,  so
using at emission reception, requiring 128 shots; right, transmission
 image rate corresponds to the pulse repetition frequency (PRF) of
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it  impossible  for  these  devices  to  capture  the  propagation
of  this  wave.  Once  the  pulse  wave  propagation  has  been
captured,  the  PWV  of  a  localised  segment  of  the  arterial
wall  is  calculated  at  the  beginning  and  end  of  systole,  to
identify  local  stiffness  problems  of  the  arterial  wall  (Fig.  4).
The  measurement  of  the  local  PWV  with  ultrafast  imaging
consists  of  the  following  stages:
• the  clinician  optimises  the  image,  in  B-mode,  of  the  artery
for  which  the  PWV  is  to  be  measured.  The  measurement
is  taken  along  the  main  axis  of  the  artery  to  be  studied
(a  good  view  of  the  intima-media  generally  indicates  that
the  optimum  image  quality  has  been  reached);
• once  the  image  has  been  optimised,  the  acquisition  pro-
cedure  of  the  ultrafast  imaging  device  is  activated  and
the  system  is  frozen  for  a  few  seconds;
• the  system  automatically  detects  the  proximal  and  distal
walls  of  the  artery  in  the  region  of  interest,  completes  a
tissue  Doppler  analysis  of  the  vessel  walls  (which  shows
the  propagation  of  the  pulse  wave)  and  deduces  from
that  the  propagation  velocities  of  the  pulse  waves  at  the
beginning  of  systole  (opening  of  the  aortic  valve)  and  at
the  end  of  systole  (closure  of  the  aortic  valve),  estimat-
ing  the  speed  gradients  in  the  spatial-temporal  mode  of
the  tissue  Doppler  image,  then  these  gradients  are  dis-
played  on  the  image.  The  gradients  are  also  displayed  in
the  spatial-temporal  mode  of  the  tissue  Doppler  function;
• the  PWV  values  at  the  beginning  and  end  of  systole  are
derived  from  the  gradients  and  displayed.A  pilot  study  to  evaluate  this  technique  has  been  carried
out  by  our  team.  The  results  of  this  study  are  presented  at
the  end  of  the  next  section.
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Figure 4. Example of a Pulse Wave Velocity (PWV) measurement at th
of the standard deviation for each measurement in a healthy subject. Ul
in B-mode of the artery being studied using an ultrasound system (Aix
acquisition. Once acquisition is complete, the system detects the proxima
of the vessel walls and deduces from that the propagation velocities of th
valve) and at the end of systole, LS (closure of the aortic valve), while
feature displayed under the image. The gradients are also displayed on 565
valuation of local arterial stiffness using
hear waves
he  second  innovative  technique  currently  being  evaluated
s  used  to  carry  out  a  remote  palpation  of  the  arterial  wall
sing  another  wave  called  a ‘‘shear  wave’’  [9]. The  prin-
iple  of  this  technique  is  applied  in  a  well-known  ﬁeld,
amely  that  of  shear  wave  elastography  (see  chapter  on
he  principles  of  elastography).  This  technique  entails  send-
ng  an  ultrasonic  shear  wave  into  the  tissue  to  be  studied,
nd  calculating  the  propagation  velocity  of  the  wave  which
s  directly  correlated  with  the  stiffness  of  the  tissue,  as
epresented  by  the  Young’s  modulus  (Fig.  5).  This  technol-
gy,  called  Shear  Wave  Elastography,  is  embedded  in  the
ltrasound  device,  Aixplorer® (SuperSonic  Imagine,  Aix-en-
rovence,  France).  The  velocity  of  the  shear  wave  created  is
irectly  linked  to  the  elasticity  of  the  arterial  wall  and  does
ot  depend,  like  the  pulse  wave  velocity,  on  other  parame-
ers  such  as  blood  density  and  intra-arterial  pressure.
However,  in  the  shear  wave  elastography  mode  imple-
ented  for  clinical  applications  such  as  breast,  liver
lastography  etc.,  the  elasticity  map  is  obtained  assuming
hat  the  medium  is  elastically  homogeneous,  non-viscous
nd  inﬁnite  in  space.  These  hypothesis  are,  however,  not
alid  in  the  artery  (not  elastically  homogenous  and  not
nﬁnite).  Indeed,  arteries  can  be  compared  geometrically
ith  cylinders  that  have  elastic  properties  different  from
he  tissue  surrounding  them.  For  this  geometric  and  elas-
ic  conﬁguration,  Couade  et  al.  developped  a  model  for
he  propagation  of  shear  waves  generated  by  acoustic  radi-
tion  force  [10].  They  also  demonstrated  that  the  shear
ave  spreads  in  a  dispersive  fashion  (depending  on  the
e beginning of systole (BS) and the end of systole (ES) with display
trafast imaging acquisition is carried out after optimising the view
plorer®, SuperSonic Imagine®). The system is then frozen during
l and distal walls of the artery, completes a tissue Doppler analysis
e pulse waves at the beginning of systole, ES (opening of the aortic
 calculating the speed gradients on the spatial-temporal Doppler
the spatial-temporal mode of the tissue Doppler function.
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Figure 5. Principle of virtual palpation or ‘‘push mode’’ of Ultra
requency),  and  they  established  the  dispersion  relation,
aking  it  possible  to  analytically  express  the  phase  veloc-
ty  according  to  frequency,  f,  wall  thickness,  h  and  group
elocity  of  the  shear  waves,  cT:
(f) =
√
2fhcT
2
√
3The  dispersion  curves  of  the  velocity  depending  on  fre-
uency  are  measured  by  means  of  ultrafast  imaging,  and
hen  used  to  obtain  the  shear  modulus  of  the  arterial  wall  by
uperimposing  them  on  the  theoretical  propagation  curves
a
h
t
v
igure 6. Principle of Ultrafast echo-elastography.cho.
y  calculating  the  value  cT minimising  the  error  between  the
wo  curves.
This  technique  can  be  used  to  calculate  the  local  elastic-
ty  of  the  arterial  wall,  without  using  the  pulse  wave.
The  information  obtained  using  ultrafast  imaging  com-
ined  with  the  acoustic  radiation  force  or  ‘‘push  mode’’
rovides  the  viscoelastic  properties  of  the  arterial  wall,
aking  into  account  the  non-linearity  (stiffness  that  varies
hroughout  the  cardiac  cycle  as  the  pulse  wave  progresses)
nd  the  anisotropy  of  arterial  stiffness  (stiffness  that  varies
ccording  to  the  relative  position  in  space)  (Fig.  6).  So,  the
igh  temporal  resolution  of  this  technology  makes  it  possible
o  evaluate  PWV  in  systole  and  in  diastole,  and  to  evaluate
ia  the  push  mode  over  ten  stiffness  values  during  a  cardiac
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cycle  (Fig.  7).  This  provides  stiffness  parameters,  which  had
been  unknown  until  now  (variation  rate  of  arterial  stiffness
during  the  cardiac  cycle).
In  addition,  arterial  stiffness,  calculated  using  PWV  and
the  geometric  parameters  of  the  arterial  wall,  corresponds
to  circumferential  stiffness,  while  that  calculated  using
shear  wave  velocity  corresponds  to  longitudinal  arterial  wall
stiffness.  This  means  that  it  is  possible  to  obtain  an  accu-
rate  topographical  description  both  in  space  and  time  of  the
arterial  stiffness  of  the  segment  being  studied,  thereby  pro-
viding  a  ﬁne  characterisation  of  the  viscoelastic  properties
of  the  arterial  wall.
Our  team  (vascular  medicine  at  HEGP  and  PARCC,  Inserm
U633),  working  with  the  Institut  Langevin,  carried  out  a
clinical  study  promoted  by  the  Société  Franc¸aise  de  Cardi-
ologie  [French  Cardiology  Society],  supported  by  the  Agence
Nationale  de  Recherche  [French  National  Research  Cen-
tre]  (Ultrafastecho,  clinical  trials  gouv;  NCT01096264;  PI:
E.  Messas).  Thanks  to  this  study,  we  have  been  able  to  eval-
uate  the  technique  for  measuring  local  PWV  with  ultrafast
imaging,  and  the  virtual  palpation  technique  with  shear
waves,  on  healthy  volunteers  (n  =  30).  The  aim  of  this  pilot
study  was  to  determine  the  local  PWV  values,  and  the  local
t
s
u
Figure 7. Fifteen measurements in vivo of variations in elasticity of th
ECG recording: top: 15 successive acquisitions of the spatial-temporal ﬁ
and the shear wave generated by radiation pressure; middle: previous s
wave (shear wave alone); bottom: shear modulus of the wall (in red) est
Table  1 Summary  table  of  the  results  of  the  clinical  study  on
PWV  (m/s)
beginning  of  systole
Average  population  5.7  
Average  standard  deviation  0.6  
Population  variance  1.2  
PWV: Pulse Wave Velocity.567
alues  of  the  shear  modulus  of  the  carotid,  by  age  and  by
ender,  in  healthy  subjects.
Elasticity  values  (PWV  at  the  beginning  of  systole  and  the
nd  of  systole  and  the  minimum  and  maximum  of  the  shear
odulus,  min and  max),  recorded  in  healthy  subjects,  are
elatively  uniform.  Table  1  summarizes  the  measurements
verages  taken  on  30  volunteers  on  the  left  common  carotid
rtery.
An  analysis  of  stiffness  according  to  age  was  also  car-
ied  out  and  showed  that  ageing  of  the  arteries  leads  to
n  increase  in  arterial  stiffness.  Of  the  30  healthy  subjects
tudied,  the  estimated  pulse  wave  velocity  and  the  mea-
ured  shear  modulus  increase  with  the  age  of  the  volunteers
1st  group:  average  age  28  years  (21—36  years);  2nd  group:
verage  age  46  years  (42—53  years);  3rd  group:  average
ge  62  years  (55—68  years)).  The  average  values  and  the
tandard  deviations  of  the  pulse  wave  velocity  and  of  the
hear  modulus  estimated  using  elastography  are  shown  for
ach  population  in  the  following  ﬁgure  (Fig.  8).
An  analysis  of  the  elasticity  of  the  arterial  wall,  according
o  pressure,  was  also  carried  out.  Fig.  9  shows  that  there  is  a
trong  dependency  between  elasticity  and  the  pressure  val-
es  recorded  in  diastole  and  in  systole.  The  pressure  values
e arterial wall during a cardiac cycle (15 cycle measurements) with
eld of particle speed in the arterial wall caused by the pulse wave
peed ﬁeld from which are subtracted movements due to the pulse
imated for each acquisition and synchronised ECG (in blue).
 30  volunteers  from  the  clinical  study.
PWV  (m/s)
end  of  systole
min
(kPa)
max
(kPa)
7.5  160  390
0.8  28  117
2.4  64  216
568  E.  Messas  et  al.
Figure 8. Average shear modulus and average pulse wave velocity for
pulse wave velocity is evaluated on the peak of the end of systole.
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tigure 9. Diastolic (in blue) and systolic (in red) shear modulus
ccording to diastolic and systolic pressure (respectively) on a sub-
opulation of 30 healthy subjects.
f  the  shear  modulus  measured  were  traced  for  systole  and
iastole  for  all  volunteers.  For  diastolic  pressures,  elasticity
ncreases  relatively  weakly  as  pressure  increases,  while  for
ystolic  pressures,  elasticity  increases  signiﬁcantly  as  pres-
ure  goes  up,  which  means  that  there  is  strong  non-linearity
etween  arterial  wall  stiffness  and  an  increase  in  pressure.
onclusion
he  ﬁrst  techniques,  developed  to  evaluate  arterial  stiff-
ess,  use  indirect  measurements  such  as  pulse  wave  velocity
r  the  analysis  of  variations  in  intra-arterial  pressure  and
olume  to  estimate  arterial  stiffness.  Techniques  based  on
lobal  pulse  wave  measurements  lack  precisions  because
n
o
t
h each age group. The shear modulus is evaluated in diastole. The
hey  assume  that  arterial  stiffness  is  uniform  throughout  the
ath  of  the  pulse  wave,  and  that  it  is  constant  throughout
he  cardiac  cycle.  Techniques  based  on  the  analysis  of  varia-
ions  in  pressure  and  in  volume  do  not  allow  for  inter-arterial
ressure,  an  indirect  measure,  to  be  estimated  accurately,
ince  this  value  can  only  be  performed  externally.  In  addi-
ion,  these  techniques  require  dedicated  equipments,  which
re  not  reimbursed  by  the  French  health  system,  and  which
re  cumbersome  to  use  (especially  for  techniques  based  on
ariation  in  pressure).  These  different  reasons  explain  why
hese  two  techniques  are  used  very  little  in  clinical  practice,
nd  only  for  epidemiological  studies  on  cardiovascular  risk.
Ultrafast  echography  is  a new  ultrasound  imaging  tech-
ique  that  can  record  up  to  10,000  images  per  second.  This
igh  temporal  resolution  makes  it  possible  to  measure  the
elocity  of  the  local  pulse  wave  and  arterial  stiffness  thanks
o  the  virtual  palpation  carried  out  by  shear  waves.
The  ease  of  use  and  the  accuracy  of  these  two  techniques
uggest  that  these  diagnostic  applications  will  play  a  signiﬁ-
ant  role  in  vascular  pathology  in  the  future.  It  is  possible  in
eal  time,  using  a  traditional  vascular  ultrasound  probe  and
 diagnostic  ultrasound  imaging  device,  to  perform  an  accu-
ate  assessment  of  local  arterial  stiffness  and  of  its  variation
uring  the  cardiac  cycle.
This  technological  leap  will  probably  make  it  possible
o  improve  the  phenotype  evaluation  of  patients  suffer-
ng  from  vascular  disease,  to  more  effectively  evaluate  the
ardiovascular  risk  of  patients  for  primary  and  secondary
revention,  and  to  carry  out  broad  epidemiological  studies
n  cardiovascular  risk.  The  guiding  principle  for  this  research
ill  be  to  use  the  temporal,  spatial  and  local  precision  of
hese  new  techniques,  in  order  to  gain  information  about
he  non-linearity  and  the  anisotropy  of  local  arterial  stiff-
ess,  to  more  effectively  determine  the  vascular  phenotype
f  patients  suffering  from  rare  vascular  diseases,  and  to  bet-
er  evaluate  the  local  and  global  prognosis  of  patients  with
igh  cardiovascular  risk.
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